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ABSTRACT

Conventional (or restricted) Hartree-Fock wave functions have
been obtained for Ga*, Ge**, Br~, Rb* and the neutral atoms Zn, Ga, Ge,
As, Se, Br and Kr. Analytic Hartree-Fock methods utilizing a version
of Nesbet’'s symmetry and equivalence restrictions,.were used to obtain o s
the sclutions in analy;lc form (sums of powers of r times exponentials)..
Results are given in the form of wave functions, one-electron energies,
and total energies. Comparison is made with the earlier results for

Zn and K;, the only atoms in this group for which H-F solutions exist.

»

&

*Guerts of the Solid State and Molecular Theory Oroup, M.I.T. 5
trart of the work of this awiker wags supbo}ted by thg Ordnange Materidls Regearch qufce. 5
. *
(-] °
° -3
3 L] ° ®
L] %, L4
e e T 3
e ea |
&
® £

W




I. INTRODUCTION

.
It has begome increasingly apparent that Hartree-Fock wave functions
for free atoms and ions can play a vitalwrole in providing approximate
descriptions of molecular and solid state phenomenon. A striking example
of this, and one which was quite unexpected, 1s the successful use'l’ of
free ion %grtree-Fock wave functiens to describe the recent data on isomeric b
shifts (i.e., total s electron density at the nucleus) which have been
determined by Mossbauer experiments. It goes without saying that basic to
any such applications is not only the existence of such functions but their
availability Iin a form suitable for computation. In scme of our own studies
involving the 4p atoms the complete lack of H-F wave functions, for this °
part of the periodic table, was only too obvious. 1In order to overcome this
difficulty, we have determined Hartree-Fock solutions }or Ga't, Ge**, Br~, Rb*t

and the neutral atoms Zn, Ga, Ge, As, Se, Br and Kr. Of these, Hartree-Fock
(H-F) results have been previously available for only'Zn'?’ and Kr’®!.

These are conventional or restricted Hartree-Fock solutions invthat one-
electron functions of the same shell are constrained to have the same radial

dependence. {4)

%

As weg have said, aside from thelir own inherent interest as a descrip-
tion of the electronie sfructure of free atoms, a major.purposé of such
calculatlions is to supply a starting point for further investigations. The
spherical ion results have been ﬁsed to obtain the Sternheimer quadrupole
antishielding factors!®’ (yx’s) as these extend our knowledge of theoretical
values of 9% to ions for which only estimates could be made previously!®’”
fexegpt for Rb* for which Hartree calculations exist.) The H-F results have
been utilized in several other investigations. Atomic scattering factors -
have been obtalngd®’d and the

(-]
an effort to improve on core and valenceg elegtron self-consistency in ortho-

Ge results have supplied a starting point in

gonalized plane wave calculations'8!) for germanium, -
& L4
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Analytic H-F methods, ‘®' utilizing a version of Nesbet’'s symmetry and

equivalence@reﬁtrictions:"0’ have Been used to ebtain the wave functions.

®

Ld L]
Some details of the method are disgussed in Section II, A fullger discus-

sion has begn given previogslyxll’ where HeF results for 3p shell atoms were

L4
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reported. The® H-F regsults appear in Section III along with cemparisens of

the previoualy available Zn and Kr functions,

T ) . IT. DESCRIPTION OF THE CALCULATIiON

Sig of the eleven atoms and ions, for which-H-F results will be re-

ported, are closed shell iong. These can be straightforwardly handled‘!2}

o

ut the remainiag five ftons with their unfilled 4p and filled 2p and 3p
shells raise 2 problem of malntalaing orﬁhogonality between p orbitals,
We have discussed thils matter at length when reporting“i’ 3p atom solutions
and the reader s referred there for a discussion of this, . We have utilized
. the same verston of Nesbet’s symmetry and equivalence reétrictions‘1°’ as
was used in the 3p atom investigation.'!!) This procedwre does not yield
the best possible H-F results but it has been our expe}lence.“S' and that (14)
of investigators who have used the numerical H-F method, that the H-F elgene
functions are !nsenéitive to the way in which the orthogonality "problem" is
treated. Because of this, application of the symmetry énd equlvalence re-
str!ctlonsrylelds results which are only negligibly Inferior to the "best
restlts.” The discrepancles introduced are far smaller than the difference
. ° between the Hartree-Fock énd the "true® many-electron wave functiogns., It
{s our opiniom that if one requires superior many-eléctron eigenfunctions or
e!genvalues one should be prepared to obtain these by going beyond the con-

o veaticnal Hartree-Fock formalism.

As already noted, we have utilized the analytiec Hartree-Fock method to

° abtain oup results. This gethod uvwses standard matrigx techniques tg obtain
e. * L ] L] *
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orthonormai analyYLig Hargree-Moek radial erdit@ls, Wy{r)'s, of the form§
® €
Uj(ry = % Cyy Ry(r) ' e (1)
Ghelr normalization condition is:®

o

e L2 o 2 5
) o &y Jugery e =1 (2}
and the basis functions RJ's, are of the form:
24X
Ry () = wyré e Ay ey o 7 (3)

vhere £ 138 the one-electron angular momentUm quantum nuvaber hpptoprlate for
the one-electron orbttal of which Uy(r) ig the radlal part. The Ny is &
normalization constant and is expressible in terwms of the other parameters,

l.el:
172

) \f2& + 2Ry + 2)

(1)
Ug(r)*s of common £ valve are constructed from 2 common Set qt RJ(r)'s.
Given tﬁe basis sets, 1.e. the RJ(r)'s; the nroblem is reduced to solving
the Hartree-Fock integro-differentifal equations for the eigenvectors (the
Cij's) and thelf efipenvalues. This {s done by stralghtforward métfix
dlagonalizattion and manipulation and avoids the problems of numerical

accuracy inherent in the integrations of the numerical H-F method.

Recently !16.16,3) seyeral workers have overcome the problem of numer-
teal integration accuracy. In partlicular Mayers'!8! has not oniy obtalned
highly accurate numerical H-F solutiens but he haé also sccurately evaluated
(2 not easy task!) the one and two-electron 1ntegrals naking up the total
energy. Thils will allow detailed comparisong to he made for the first tipe

between numerical and analytic results.
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In general the two approa®hes age cOmplame@téryyaﬁpmetlmes ong and
sonatines the qther provides &) the more suitabie method of computation
end/or b) results in & more convenlent form. We have found the analytic °
approach to be very usefwl V17! wﬁen going beyan¢ the coaventlonal frec aton )
HeP formalism, &e have 2lg0 found it convemient to have thg resultan® wave

N

fenctions 2in analytic fornm,

In using the analytic approach we have replaced the problem of accuracy
of numerical integration by the problen of cho&slng adequate basis sets.

Let us consider this matter now. First there 1s the question

of the size of the set. A small set is desirable becavse of economy in

coumputer time and retains the advantages of wave functions of analytic form.
These advantages cone from the €ase, accuracy, and convenlence with which
natrix elements can be obtained if the functions are in analytic form,

Large basis sets allow greater accuracy of solution (providing that we main-
.taln sufficient linear independeance among the basis sef, otherwise errors
accumulate during matrix diagoralization). Haviag made the chqlce of the
size of the basis set there is then the problem of choosing the 1imdividual
Ry*s. 1In ihe preseat work we have relied heavily on earliert?.18) 1.F 1n-
vestigations for the iron series fons and so we will review these briefly.
The first investigation!!®) jnvolved obtaining H-F solutions for tron series
ions in 3a® (i.e. no 4s elecirons) configurations. The basls sets were the
largest that could be fitted onto the computer that wag used.'!?) Their
size fixed, they were obtained by an extensive sefiés of computations where
the baslis tunctions'were varied.' This search coacentrate¢d on obtaining

good basis functlons for V through Ni. This tavestigation was followed LYy
a serles of H-F calculailons for the neutral 3a™2 4s? {rom series atonms.
These were done on a coaputer of larger capacity and the basis sets warg

obtalned by adding additlonal s-like R (for the construgtien of th§ ouger 50

J's
loop of the 43 orbitals) to the gtherwise wnmgalf{ied bssis set& ¢f the ficst

e &
investigation. An extensive basgs function s®arch was thus avolded at thei
@ *
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coat of LT IdIar In the ghorttomings of the Pirst e?f%ﬁn. Subreteptly nare
acourate aamalytic li-F ¢calculationg wgre dene for %n (3d1°402; 15) whith }s %
reported here ‘and for Fe (3a%4s2,5D), Mn*+ (345, 65) and-Cu* (2430, 15 which appeas
elsewhere, !29) - The greatest discrepeacies betweea cnlculatlons for the game
state occur for Cu' and Zn which lie outslide the groﬂup emphasized in tie

first basis function search.

The present computations were done on the Y.B.M. 704 conputer at Avco
whose capacity (32,000 words) allowed the use of larger basls sets and we
have taken advantage of this capability. In faci, the choice of
Ry*s 1s based on the iron serfes Rj’'s and on-an extensive basis fenciion
search for Kr4followed by tests on the resultant sets for other atom#. As
a result thé H-F Tunctions appearing in this paper are more accurate than
the earlfer '2+18) {ron series solutions. The parameters definlng the Ry's
appear ia Téble I. We have reported (and used) screening constants (ZJ'S)
with four digits a[tér the decimal point. This does not mean that ZJ's were
uniquely established to this many digits. The investigations varying the '
Zj's carrled_thts nany diglts and since these yere keht in the final calcu-

lattona they are reported here.

ITI. RESULTS

The eigeavectors (Cij's) which define the Ug(R)’s in terns of the
RJ(r)'s appear in Table Y1, HNote that the Cij’s are given for normallzed
RJ(r)'s. Tie Clj's have not been uﬂiquely established to the nuamber of
digits quoted but with these digits they provide well—orthonothalized, well-
defined lartree=-Fock orbitals. Total energles,-one-electron energies (€;'s),
one-eleciron kinetic plus nuclear poteatial energies (Ky’s), and two-electron
FX(4p,4p) inteprals'?l) are listed in Table ITI. The quantitics appearing
there ere accorately evaluated for the functions defined tn Table II. The

Hartree~Fock one-glectron and tetal energies have not been rigorousiy

@
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@ established to the number of digits quoted. !~re acgurate solution of the

. Hartree-Fock equations (e g. through the use of laPger improved basis sets)
will affect the last one or two- digits of thefo MBantities. Noge that
Hartrea atomntg units have been usgd ({1 au = ¢ Ry) e o

®
The K;*s whigh do npt, inClude interelectronic termg, offer a gensitive
“test of wawve fgnétion behavior. Fer fixed 4, 8 contraction in a .I') causes
an increase in the magnitude of its Ki. 1Inspectlon of the Ky4's of Table III
shows in general that the Uj's of any one element contract when going tec a
state of higher positive iomization. This is, of course, not surprising.
Of greater interest is the exceptton to this rule which occurs for the 2p
and 3p orbitale on going from a state with one or more 4p orbitals (such as
Ga or Ge) to a state with none, (such as Ga' or Ge*'*). The requirements of
obtaining three simulfaneous (hence orthogonal) p-llke’elgenfuncfions for
the Tormer gtate and the partial relaxationm of this for the latter has caused
a reverse trend ia Kgp and Kgp. . It should he noted that the resultant 2p

and 3p orbital varlations are smail.

Let us now conpare the present results with those pfevlousiy avallaﬁle
for Kr and Zn. Worsley's nuaerically obtatned'®! €;*s for Kr appear in
Table IV. Ky's and the total energy were not obtained by her. We see -that
there 18 substantia]l agreement between the two sets of tesulté. More detaliled
comparisons can be made with the earlier obtained!?! analytic Zn results
where Ky*s, €;’s,and the total energy are avallable. These appear in Taﬁle V.
COnpérison of €4's show larger discrepancies than were seen for Kr. This s
due to the previously discussed deficiencies tn the basis set of the earlier
calculation. 1If one chose to inspect the Ei's to learn of orbltal variation
as has often been done (oﬁt of necessity) ia the past, one would conclude
that the 48 orbitals have changed least (the €,.'s being in best agreé-
meat between calculations) and that the 3ad orbltal of the present calcula-

t jon is the more contracted (since 1its €34 1 more negative). On the other
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hand inspection of the K;'s shows that neither conclusion 1is correcf. The
4s orbxt%}s show the greatest, not the least, modirlcafion and the present
calculation’s 3d orbital is expanded@and not contracted relative to the
earlier results. In addition to inspecting individual €,’s, suns'2%! of €,'s
(which also appegar in Table V) have in tﬁ; past been used 4o estimate the
variation in eotai enexgy. Sugh sums_suggest that there has”bgen a 1 au
change in total snexrgy when in reality a change of one fiftieth that size
has occurred. In other wozds the cae-cslectron energles supply an often

misleading "yardstick" to wavg function behavior, 5

.
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Table IV %r one-electron energles for the present calculation

and as obtalned by Worsley?

Worsley's results®

1]

A

3See ref. 3
2 &
L]
)
(]
> e e
L 3

&

~520. au
- 69.9
- 10.8¢
- ‘ulslg

63.1

8.335 °

0.53
- 3.80

4

& L]

present calculation

L7
-520. 167 au
- 69.904
»
- 10.850
£ L]
- |-|53
- 63.011
- 8.332
- 0.524 )
- 3.826
2
L]
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Table V Zn one-alactron eaergies fé;‘s), one-electron kTagtic + nuclear

potentfal energy lategrals i:K'/g‘ s}. sums of ome-elcatron®energfes,

and total energles for the present and earlier®sanalytic Hartree-
L]

85ee ref. 2

@

L]

Fock calculatlons.

gar}ler caloujation®

~353. 461 aw
- 4. 319 .
B. 600

- 00286

38.882

3.804
- 0.751
-9, 849
-110.569
- 43.136
- 12,060
~109.912
- 10.996
- 3. 82

=1777.823

=! «1070.558

e

k]

©

[ ]
Peesent calgtlat¥om

-353°299 ay
< 44, 358
- 5.635

0.291
- 38.921
3.837
.- 0.780

-449. 848
 ~110.571
- 43. |56
- 12.218
-109.913
- 40.981
- 34722

=1777. 843

-1071.514
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